ABSTRACT Background: Melanocortin-4-receptor (MC4R) haploinsufficiency is the most common form of monogenic obesity; however, the frequency of MC4R variants and their functional effects in general populations remain uncertain. Objective: The aim was to identify and characterize the effects of MC4R variants in Hispanic children. Design: MC4R was resequenced in 376 parents, and the identified single nucleotide polymorphisms (SNPs) were genotyped in 613 parents and 1016 children from the Viva la Familia cohort. Measured genotype analysis (MGA) tested associations between SNPs and phenotypes. Bayesian quantitative trait nucleotide (BQTN) analysis was used to infer the most likely functional polymorphisms influencing obesity-related traits. Results: Seven rare SNPs in coding and 18 SNPs in flanking regions of MC4R were identified. MGA showed suggestive associations between MC4R variants and body size, adiposity, glucose, insulin, leptin, ghrelin, energy expenditure, physical activity, and food intake. BQTN analysis identified SNP 1704 in a predicted micro-RNA target sequence in the downstream flanking region of MC4R as a strong, probable functional variant influencing total, sedentary, and moderate activities with posterior probabilities of 1.0. SNP 2132 was identified as a variant with a high probability (1.0) of exerting a functional effect on total energy expenditure and sleeping metabolic rate. SNP rs34114122 was selected as having likely functional effects on the appetite hormone ghrelin, with a posterior probability of 0.81. Conclusion: This comprehensive investigation provides strong evidence that MC4R genetic variants are likely to play a functional role in the regulation of weight, not only through energy intake but through energy expenditure.
INTRODUCTION
Obesity-related genes participating in neurohormonal pathways have reciprocal effects on energy intake and expenditure, although their primary effect appears to be on the regulation of appetite and satiety. Melanocortin 4 receptor (MC4R) is a strong obesity candidate gene. MC4R is a 332-amino acid protein encoded by a single exon on chromosome 18q22 (1, 2) . MC4R belongs to the family A, rhodopsin-like G protein-coupled receptors and is expressed widely in the brain. The endogenous ligand for MC4R is a-melanocyte stimulating hormone (a-MSH). In humans, MC4R mutations cosegregate with severe obesity and are related to defective binding or signaling properties of the variant receptors. Five classes of MC4R mutations have been described: truncated nonfunctional receptors, intracellularly trapped mutants, binding defective mutants, signaling defective mutants, and those with unknown defects (1) .
To date, .70 missense variants (60 amino acid positions) in human MC4R have been published (3) . Approximately 46% of these variants have a partial or complete loss of function, 44% were neutral, and 10% were not tested. Defects in MC4R constitute the most common form of monogenic obesity, with prevalence rates ranging from 0.5% to 5.8% (4) . MC4R deficiency is characterized by hyperphagia, hyperinsulinemia, and increased fat mass (FM), fat-free mass (FFM), bone mineral density, and linear growth rate. Given the number and frequencies of MC4R variants, it is expected that some individuals may be carriers for multiple variants. However, there has not yet been a systematic assessment of their combined effects on obesity-related phenotypes. Population studies, including a genome-wide association study (5) and meta-analyses of genomewide association study data, also confirm that variants in the region of MC4R are associated with body weight-related phenotypes (6, 7) .
Our Viva la Familia Study was designed to identify genetic and environmental factors affecting childhood obesity and its comorbidities in the Hispanic population. We localized a quantitative trait locus (QTL) [logarithm of the odds (LOD) = 4.07] that influences sedentary activity on chromosome 18q near MC4R, with suggestive linkage in this region for total activity, percentage awake time in moderate activity, and carbohydrate intake (LOD = 1.51-2.79) (8) . Subsequently, we reported a novel loss of function mutation in MC4R (G55V) detected in 4 related obese children in the Viva la Familia Study (8) .
To further explore the contribution of MC4R variants to childhood obesity in the Hispanic population, we sought to 1) resequence the exon and 1.27 kb and 0.33 kb of 5#-and 3#-flanking regions, respectively, of MC4R in 376 parents to identify polymorphisms in MC4R in the Viva la Familia Study cohort; 2) genotype the single nucleotide polymorphisms (SNPs) identified to determine MC4R allele frequencies in our cohort; 3) perform measured genotype analyses (MGA) to test for associations between genotype and body composition and energy intake and expenditure phenotypes to explore the physiologic consequences of the SNPs ; and 4) perform Bayesian quantitative trait nucleotide (BQTN) analysis to test all combinations of variants to statistically identify potentially functional genetic variants influencing obesity-related phenotypes in Hispanic children.
SUBJECTS AND METHODS

Study design and subjects
Subjects were from 319 Hispanic families enrolled in the Viva la Familia Study in 2000-2004, which was designed to identify genetic and environmental factors affecting childhood obesity and its comorbidities in the Hispanic population. Subjects and study procedures are described in detail in a previous publication (9) . Briefly, the Viva la Familia Study cohort consisted of a total of 631 parents and 1030 children ( Table 1) . To qualify for the study, Hispanic families were required to have at least one overweight child between the ages of 4 and 19 y; overweight was defined as a body mass index (BMI; in kg/m 2 ) 95th percentile (10) and FM .85th percentile (11, 12) . Most parents were either overweight (34%) or obese (57%). Mean BMIs of the fathers and mothers were 30.8 6 0.2 and 33.5 6 0.2, respectively. Fifty-one percent of the children were classified as overweight. Of the overweight children, 47% were above the 99.0th BMI percentile, with z scores ranging from 2.3 to 4.5 (10) All children and their parents gave written informed consent or assent. The protocol was approved by the Institutional Review Board for Human Subject Research for Baylor College of Medicine and Affiliated Hospitals and the Southwest Foundation for Biomedical Research. Anthropometric and body-composition measurements were performed on parents and children; blood chemistries, energy expenditure, substrate oxidation, physical activity, and food intake measurements were performed on all of the children. Blood samples were drawn from children and parents for genotyping.
Anthropometric measures and body composition
Body weight was measured to the nearest 0.1 kg with a digital balance, and height was measured to the nearest 1 mm with a stadiometer. BMI was calculated as weight/height 2 (in kg/m 2 ). Waist circumference was measured at a level midway between the inferior border of the rib cage and superior border of the iliac crest with a nonstretchable tape measure. Total body estimates of FFM, FM, and percentage FM were measured by dual-energy X-ray absorptiometry with a Hologic Delphi-A whole-body scanner (Delphi-A; Hologic Inc, Waltham, MA).
Room respiration calorimetry
Total energy expenditure (TEE) was measured by room respiration calorimetry for 24-h using a standardized protocol (13) . Oxygen consumption ( _ VO 2 ) and carbon dioxide production ( _ VCO 2 ) were measured continuously in an 18-or 30-m 3 room calorimeter. The operation, calibration, and performance of the calorimeters (14) and the reproducibility in children (15) were described previously. TEE, respiratory quotient (RQ), and net substrate utilization were computed from 24-h _ VO 2 , _ VCO 2 , and urinary nitrogen excretion according to Livesey and Elia (16) . Food was provided to achieve energy balance based on a multiple of the subject's calculated basal metabolic rate (BMR) (17) . All food and beverages consumed were weighed before and after consumption. Net energy balance was computed as measured energy intake minus TEE. Sleeping metabolic rate (SMR) was the average energy expenditure throughout nighttime sleep, confirmed by heart rate and activity monitoring.
Fasting biochemistries
A blood sample was drawn in the morning after a 12-h fast. Serum samples were obtained from whole blood after clotting. Fasting serum concentrations of glucose were measured by 
Food intake
A multiple-pass 24-h dietary recall was recorded on 2 random occasions 2-4 wk apart in person by a registered dietitian using Nutrition Data System for Research (NDSR) software (Minneapolis, MN). The multiple-pass 24-h recall method uses 3 distinct passes to garner information about a subject's food intake during the preceding 24 h. The 24-h recalls were obtained without prior notice, and children aged 7 y were assisted by their mothers.
Physical activity
Actiwatch accelerometers (Mini Mitter, a Respironics Co, Bend, OR) were used to measure the frequency, duration, and intensity of physical activity for 3 consecutive days chosen randomly (19) . The intraclass correlation coefficient for total activity counts across the 3 d was 0.67, which equates to a reliability of 86%. Actiwatch was programmed to collect data at 1-min intervals starting at 21:00. Total activity represents the cumulative sum of accelerometer counts in 24-h (counts/d). Awake time was categorized into sedentary, light, moderate, and vigorous levels of physical activity according to thresholds defined in terms of activity energy expenditure (20) .
Genetic analysis
Resequencing
The entire coding region,1.27 kb upstream and 0.33 kb downstream of the transcribed sequence of the MC4R gene, was resequenced in 376 parents to identify variants in the Viva la Familia cohort. Validated primer pairs for this project were used to amplify the exonic and 5# and 3# flanking regions from 376 samples of parental DNA and a negative and positive control per 384-well plate quadrant (8 no-DNA polymerase chain reaction control wells included for quality control). Noncontact liquid handling robots were used to add polymerase chain reaction master mix and appropriate primers to the pre-aliquoted DNA. After thermocycling, samples were diluted and sequenced by using the main Baylor College of Medicine-Human Genome Sequencing Center (BCM-HGSC) production sequencing pipeline. Sequences were collected by using 3730XL sequencers (Applied Biosystems, Foster City, CA), and all reads were processed by using the BCM-HGSC automated algorithms. The sequences generated for this project were further processed to identify variant bases with respect to the reference sequence using SNP Detector v3. Summary tables of the variants were generated by an automated pipeline, which provided details of all SNPs discovered, including their frequency and individual genotypes and whether they were synonymous or nonsynonymous changes.
Genotyping using SNPlex and TaqMan
A total of 24 of the 25 SNPs were typed by using the SNPlex Genotyping System 48-plex (Applied Biosystems). Sequences surrounding the SNP were submitted to Applied Biosystems for the design of the SNPlex panel. Genomic DNA with a concentration of 50 ng/ll was heat-fragmented in a total volume of 12.5 lL for 10 min at 99°C. Fragmented DNA was diluted to 18.5 ng/ lL and 37 ng of the fragmented genomic DNA was used for genotyping according to the manufacturer's protocol. Samples were run on an Applied Biosystems 3730XL DNA Analyzer, and genotypes were analyzed by using GeneMapper software version 4.0 (Applied Biosystems). All failed samples were excluded, followed by genotype analysis using the SNPlex-Model-3730 method. Genotype calls were tested for Mendelian inconsistencies by using INFER of the software PEDSYS (21), and discordant genotypes were blanked.
One additional SNP (SNP 606) was typed by custom TaqMan assay (allelic discrimination) (AB) by using 2 SNP region-specific polymerase chain reaction primers as well as the FAM-and VIClabeled TaqMan MGB probes. Each 5-lL reaction contained 10 ng genomic DNA, a 1· final concentration of TaqMan Universal PCR Master Mix No AmpErase UNG (AB), and a 0.5· final concentration of the TaqMan assay. Amplification was performed by an initial denaturation step of 10 min at 95°C, followed by 40 cycles of 15 s at 92°C and 1 min at 60°C. Endpoint analysis was performed on an ABI Prism 7900 Sequence Detection System (Applied Biosystems).
Statistical methods
All traits were transformed to meet the assumption of normality before entering the genetic analyses to avoid inflating type 1 error. Age, age 2 , sex, and their interactions were used as covariates and simultaneously estimated in these models. FM and FFM were added as covariates in the analyses of TEE, SMR, and BMR. Energy balance was added as a covariate in the analyses of RQs and fat oxidation.
All genetic analyses were performed by using the SOLAR computer package (22) . Genotype frequencies for each SNP were estimated allowing for nonindependence due to kinship (23, 24) and were tested for departures from Hardy-Weinberg equilibrium. Estimates of linkage disequilibrium between SNPs were determined by calculating pairwise D# and r 2 statistics.
Measured genotype analysis
As a first step in investigating the association between the SNPs in MC4R and our obesity-related phenotypes, we used an MGA (25) , as implemented in SOLAR (22) . This approach extends the classic variance components-based biometrical model to account for both the random effects of kinship and the main effects of SNP genotypes. For each SNP, we compared this saturated model with a null model in which the main effect of the SNP is constrained to zero. The test statistic, twice the difference in log e (likelihood) between the saturated model and the SNP-specific null, is distributed as chi-square with 1 df. With Bonferroni correction for multiple tests of 25 SNPs, a P value of 0.002 is required to maintain an experiment-wide type 1 error rate of 0.05.
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BQTN analysis
The MGA provides the prior probability that each SNP is associated with a phenotype of interest. However, it is not known a priori whether a gene influencing a given phenotype has one common variant affecting the trait in all pedigrees or multiple variants with potentially interacting effects. BQTN analysis was implemented in SOLAR to statistically identify the most likely functional SNPs associated with a phenotype (24) . For a chosen set of SNPs, this approach evaluates the likelihood of all possible association models, while providing a penalty for overparameterization, to identify the subset of SNPs with the highest posterior probability of association with the trait.
Bayesian model selection identifies the set of variants that optimally predicts the phenotype. In a Bayesian framework, 2 competing hypotheses (models) are compared by evaluation of the Bayes factor, which is the ratio of the integrated likelihoods of the competing models (26) . For each hypothesis, a Bayesian information criterion (BIC) is defined with reference to a single null model (in our case, the random-effects model without the SNPs) and is used to assess whether the QTN model explains sufficient variation in the phenotype to justify the number of parameters used (23) . The magnitude of the BIC difference provides an estimate of the evidence of support for one model over another. For example, a BIC difference .2 units provides support for one model over another with a posterior probability of 75%. Similarly, BIC differences of 6 units represent strong support favoring a model with 95% posterior probabilities, and BIC differences .10 units represent very strong support for one model over another with 99% posterior probability. As a practical application of the BQTN, only SNP models with a BIC difference .2 units over the random-effects model without the SNPs (the null model) are used in subsequent models incorporating combinations of SNPs in the tests of functionality. The BQTN approach also accounts for model uncertainty and thus provides the posterior probability that each variant is associated with the phenotype of interest. This variant-specific posterior probability is a measure of the evidence that a particular variant is likely to be functional or in high linkage disequilibrium with a functional variant. This approach has been shown to provide accurate determination of functional variants in conditions in which all the variants have been identified (23, 24, 27, 28) .
Conditional linkage analysis (29, 30) was performed in SO-LAR to test whether the SNPs showing evidence of functionality can account for the previously documented linkage signal on chromosome 18q. Essentially, the linkage analysis is performed conditionally on the QTNs. This allows evaluation of whether the putative functional polymorphisms identified by BQTN analysis account for a given linkage signal. If the QTNs explain the linkage signal completely, the original LOD score will be reduced to 0.
RESULTS
Resequencing and genotyping
Seven nonsynonomous mutations were identified in MC4R, and 10 SNPs were identified upstream and 8 downstream of MC4R ( Table 2) . Of the 25 identified SNPs, only one in the coding region and 6 in the flanking regions are described in public databases (dbSNP National Center for Biotechnology Information Build 129; http://www.ncbi.nlm.nih.gov/projects/ SNP/). The genotypic distributions of all 25 SNPs were in Hardy-Weinberg equilibrium. Two of the 25 SNPs (rs34974495 and rs2229616) were found to be in linkage disequilibrium (r 2 = 0.93) (Figure 1) . Except for these 2 SNPs, the other genetic variants behave statistically as independent variants.
The 25 identified SNPs were genotyped in 1016 children and 613 parents from the Viva la Familia cohort. The frequencies of the minor alleles calculated from our data are presented in Table  2 . The frequencies of the minor alleles in the coding region ranged from 0.002 to 0.016, and the minor allele frequencies in the flanking regions ranged from 0.004 to 0.352. Table 3 . The SNP 21385 was associated not only with respiratory quotient (RQ) and fat oxidation but also with TEE, body weight, homoeostatic model assessment (HOMA) for insulin resistance, and leptin (P = 0.003-0.038). One of the more common SNPs, rs11872992, was associated with BMR and leptin (P = 0.020 and 0.044, respectively). SNP rs17066842 was associated with BMI z score, waist circumference, FFM, and dinner intake (P = 0.016-0.032). SNP rs34114122 was associated with BMI z score, %FM, ghrelin, energy intake, and % carbohydrate intake (P = 0.001-0.048). SNP 1704 was associated with total activity, sedentary activity, and moderate activity (P = 0.004-0.056). SNP 2132 was associated with glucose, TEE, and SMR (P = 0.017-0.047). An experiment-wide significance using Bonferroni's correction for multiple testing would be a P value = 0.002 for a statistical significance threshold of 0.05. Given the prior evidence for functionality of several of these SNPs, this correction is too conservative. For confirmation of our results and follow-up, the SNPs were next tested by BQTN analysis, which is robust to multiple testing.
Measured genotype analysis of
MC4R variants with obesity-related traits MGA showed several consistent associations between the children's MC4R variants and obesity-related traits. Results with nominal P values ,0.05 uncorrected for multiple testing are shown in
BQTN analysis
The 25 SNPs were analyzed by the BQTN method to estimate the posterior probabilities that any variant or combination of variants has an effect on obesity-related phenotypes. Three SNPs -1704, 2132, and rs34114122-showed evidence of being potentially functional variants, as reflected by strong posterior probabilities. The traits affected by the 3 SNPs, the minor allele frequencies of the SNPs, the proportion of variance in each trait explained by the SNP, and the location of the SNP in the MC4R gene region are shown in Table 4 . SNP 1704 showed consistent effects on activity levels, and ultimately BQTN analysis showed that it was the most likely functional variant affecting total activity, the percentage of time in sedentary activity and the percentage of time in moderate activity (posterior probabilities of 1.00). Similarly, SNP 2132 showed consistent effects on energy expenditure and it displayed the strongest evidence of having functional effects on TEE and SMR with posterior probabilities of 1.00. SNP rs34114122 has a strong posterior probability (0.81) of affecting serum ghrelin concentrations. Calculated by using genotypes from the Viva la Familia Study parents (n = 613) and children (n = 1016), with an allowance for nonindependence due to kinship. 4 dbSNP National Center for Biotechnology Information Build 129.
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Assigned identification (ID) is the position relative to the translational start site (GenBank NM_005912, National Center for Biotechnology Information).
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Conditional linkage analysis
We tested whether the identified SNPs explained our original QTL on chromosome 18q for sedentary activity and suggestive linkage for total activity, moderate activity, and carbohydrate intake by performing conditional linkage analysis. For SNP 1704, the analysis showed a decrease in the LOD score from 4.07 to 3.88 for sedentary activity, a decrease in LOD score from 2.28 to 1.90 for total activity, and no significant change in LOD score for moderate activity. Conditional linkage for SNP 622 and rs34114122 for carbohydrate intake resulted in only nominal changes to the LOD scores.
DISCUSSION
The Viva la Familia Study provides strong evidence that genetic variation in MC4R plays a functional role in the regulation of physical activity, energy expenditure, and fasting serum ghrelin in Hispanic children. Modest associations between SNPs in MC4R with body size and adiposity, hyperinsulinemia, leptin resistance, and hyperphagia are consistent with the characteristic profile of children with MC4R insufficiency-the most common form of monogenic severe obesity, which suggests considerable overlap in the genetic determinants of monogenic and multifactorial forms of childhood obesity (4). Our novel findings for TEE and physical activity, substantiated by MGA and BQTN analysis, support a key role for MC4R in the regulation of body weight, not only through energy intake but also through energy expenditure. Clearly, the preponderance of data reported across studies indicates that both rare and more common alleles of MC4R have effects on obesity-related traits. Our family study design allows us to detect rare alleles with large effect and to confirm the effects of more common alleles on obesity-related phenotypes.
In the coding region of MC4R, 7 rare nonsynonymous SNPs were detected with frequencies 0.016 in the children. Consistent with variable function and penetrance of MC4R mutations (31), these 7 coding SNPs appeared individually to confer detrimental, neutral, or protective effects on the BMI z scores of the Hispanic children (data not shown). SNP 164 (G55V) was originally discovered in the Viva la Familia cohort and reported previously to segregate in one family (8) . In the present analysis, we detected this mutation in 3 other Hispanic children from different Viva la Familia families. Two additional novel nonsynonymous mutations in the coding region were found: SNP 622 (M208V) was seen in 2 children whose mean BMI z score was 1.86, and SNP 514 (C172R) was detected in 10 children whose mean BMI z score was 1.95. Consistent with a neutral effect on the BMI z scores, SNP606 (F202L) was reported previously in normal-weight subjects (32, 33) .
Two of the most commonly reported coding variantsrs2229616 (V103I) and SNP 751 (I251L)-were detected in the Viva la Familia cohort (34) (35) (36) (37) (38) (39) (40) . Consensus now holds that these variants are protective against obesity. In 16,797 individuals from 9 European cohorts, V103I and I251L were less prevalent in obese individuals (34) . The odds ratios for a protective effect against obesity were 0.52 for I251L and 0.80 for V103I. Together, these 2 gain-in-function variants may account for a preventive fraction of obesity of 2%. Meta-analysis of 29,563 confirmed the protective effect of V103I against obesity (41) . The KORA (Cooperative Health Research in the Region Augsburg) Study suggested that V103I may protect against the metabolic syndrome (42) .
Exhaustive resequencing of the flanking regions upstream and downstream of MC4R identified eighteen variants ranging in frequency from 0.004 to 0.352. In another study, the transcriptionally essential/minimal region of MC4R was defined and genetic variation was identified to determine whether a reduction in gene transcription caused by mutations in this promoter region may cause obesity in a similar fashion as haploinsufficiency (43) . No genetic variation in an 80 nt promoter region of MC4R was found in 431 obese children and adults. Another study (36) detected 2 polymorphisms in an unselected population sample of 1100 British individuals (rs34114122 (2178A/C) in the 5# untranslated region in 22 subjects and V103I in 27 subjects). Neither was shown to exhibit an effect on BMI.
In human MC4R deficiency, multiple, rare loss-of-function variants are associated with hyperphagia, early-onset obesity, increased FM, and hyperinsulinemia, a phenotype closely resembling the Mc4r-null mouse (44) . Alterations in MC4R may also affect glucose utilization, insulin sensitivity and lipid metabolism (45) . Common variants near MC4R were found to be associated with waist circumference (rs12970134) and insulin resistance (5). In our cohort of nonoverweight and overweight Hispanic children, modest suggestive associations were seen between MC4R variants in the coding and flanking regions and BMI z score; FFM; FM; waist circumference; fasting concentrations of glucose, insulin, leptin, and ghrelin; TEE; BMR; SMR; RQ; fat oxidation; physical activity; and food intake. We did not observe any associations with height z score or bone mineral density, in contrast to the classic features of human MC4R deficiency, which includes tall stature, advanced bone age, and increased bone mineral density (46) . Our observations support considerable overlap in the genetic determinants of monogenic and multifactorial forms of childhood obesity (4) .
There was very little linkage disequilibrium among the rare MC4R SNPs in our population. Despite that, there were children in our study who inherited more than one rare variant that was previously classified as functional (most often each from a different parent). For instance, 4 Hispanic children were carriers of one copy of the deleterious G55V allele and one copy of the protective I251L allele. By analyzing each SNP and all combinations of SNPs, we can attempt to identify SNPs that exert the most effect on our traits at the population level, regardless of the presence of other functional MC4R allelic variants. BQTN analysis provides an approach to predict the causal variants responsible for the observed associations by comparing all possible additive gene function models. In this approach, the probability that any given SNP or combination of SNPs may be involved in a trait is compared with probability for all other SNP models. BQTN analysis strongly supported a functional effect for: SNP 1704 on physical activity, SNP 2132 on energy expenditure and rs34114122 on fasting serum ghrelin. All 3 of these variants are located in flanking and putative regulatory regions of MC4R. SNP rs34114122 is located in the 5# (Table 3 ). However, it should be noted that these rare variants each only account for a small proportion of the total variance of a trait. Our results are consistent with the hypothesis that variation in MC4R exerts a significant effect on obesity-related phenotypes at the population level through the action of multiple, rare variants in contrast to one or a few more common mutations. Our major BQTN findings support a dual role of MC4R variants in the regulation of body weight through physical activity, energy expenditure and appetite. The most likely functional variants were in the flanking regions of MC4R, indicating a role of transcript regulation. MC4R is a key regulator of energy balance through functionally divergent central melanocortin neuronal pathways (48) . The leptin-melanocortin signaling pathway is critical to energy homeostasis through its control of appetite and food intake, as well as energy expenditure through activation of the sympathetic nervous system (49).
In humans, Farooqi et al (46) reported normal BMRs in severelyobese children with MC4R deficiency. Consistent with its protective effect against obesity, rs2229616 (V103I) was associated with higher rates of energy expenditure, higher rates of glucose oxidation, and lower concentrations of fasting plasma free fatty acids in 229 nondiabetic adults (50) . To exclude the possibility that rs2229616 is in linkage disequilibrium with some other variant of MC4R, the MC4R gene was sequenced in 20 subjects, but no variant in linkage disequilibrium with rs2229616 was found (50). Geller et al (40) sequenced 1877 bp upstream and 1447 bp downstream of MC4R and detected 3 SNPs that were in linkage disequilibrium with V103I. In a meta-analysis of 7713 individuals of European origin, a negative association of the I103 allele with obesity (odds ratio = 0.69) was shown.
Our conditional linkage analysis for SNPs 1704, 622, and rs34114122 resulted in only nominal changes in our original LOD scores for total activity, moderate activity, and carbohydrate intake, implicating additional genes underlying our complex linkage signal on chromosome 18q. In the region of MC4R, others have reported suggestive evidence of linkage for BMI (51) and body fat (52, 53) . Although SNPs in MC4R are not major contributors to our original linkage signal, our findings show that genetic variation in MC4R contributes to obesity-related phenotypes.
In summary, the Viva la Familia Study provides strong evidence from MGA and BQTN analysis that genetic variants in MC4R play a functional role in the regulation of physical activity, energy expenditure, and fasting serum ghrelin in Hispanic children. Our novel findings support a functional role for MC4R variants in the regulation of body weight, not only through energy intake but also through energy expenditure. 
